Study design: Prospective experimental. Objectives: To compare the reliability and repeatability of the electrical perceptual threshold (EPT) and Semmes-Weinstein monofilament (SWM) tests for cutaneous sensibility. EPT and SWM tests have potential as quantitative and sensitive adjuncts to the American Spinal Injuries Association (ASIA) Impairment Scale (AIS) assessment of spinal cord injury (SCI). Setting: London, UK. Methods: EPT and SWM tests were carried out on 40 neurologically healthy individuals (20 male). One examiner carried out all the tests. Each individual was examined for EPT and SWM sensitivity at ASIA key points on four dermatomes (C4, T1, T6, L4) on both sides of the body. The tests were repeated after an interval of approximately 1 week. Intra-rater reliability was determined using intraclass correlation coefficients (ICC). Repeatability was determined using the method of Bland and Altman. Results: There were no significant differences in the mean values of EPT or SWM between assessments for any dermatome. Significant difference in mean values for both EPT and SWM were observed between some dermatomes. ICC ranged from 0.67 to 0.81 for the EPT and from 0.46 to 0.61 for the SWM. Higher ICC for the EPT compared with the SWM was again revealed when male and female subjects were assessed separately. Correlation between EPT and SWM was weak or (largely) absent. Conclusion: EPT has better reliability than SWM in healthy subjects. However, as both tests have the potential to add sensitivity and resolution to the AIS assessment, a further comparison of their repeatability in SCI is warranted.
INTRODUCTION
The International Standards for Neurological Classification of Spinal Cord Injury (ISNSCI) is the established clinical neurologic practice for the characterisation of spinal cord injury (SCI). The ISNCI incorporates the current gold standard for neurological assessment of SCI, the American Spinal Injuries Association (ASIA) Impairment Scale (AIS). 1 These scales were initially developed primarily to classify the neurologic deficit following a SCI, but are now widely used as outcome measures to monitor any change in the condition of a SCI during natural recovery or treatments designed to promote recovery of function. The AIS provides a reliable clinical assessment tool, but it is recognised that additional quantitative assessments will be needed to meet the precision required for clinical trials. 2 The ASIA component light touch and pin prick sensory assessments have a number of limitations. Both sensory scores use ordinal rather than quantitative scales. Each dermatome is scored simply as either normal, absent or abnormal (including both heightened and lowered sensitivity). It is recognised that there is also is a strong component of subjectivity in the assessments. Greater objectivity and more detailed valuation can be achieved by employing various quantitative sensory tests for the assessment of preserved sensory function in SCI. 3 Improved outcome measures should allow both for detection of betterment or worsening of the condition of SCI, and they should be capable of detecting change at a single vertebral level of the spinal cord. An emerging test that has the potential to achieve these criteria is the electrical perceptual threshold test (EPT). 4 The EPT method uses incrementing electrical stimulation and the method of limits to determine threshold. It has been validated against the AIS sensory grading in SCI 5, 6 and undergone repeatability evaluation for inter and intra-rater trials in SCI. 7 Good reliability has now been confirmed in control subjects, 8 and validation provided against the AIS for sensory evaluation 6 and dermatomal somatosensory evoked potentials in SCI. 9 The EPT test shows good sensitivity to change over time in dermatomes at and below the sensory level of SCI during natural recovery. 10 Finally, the EPT appears to show specificity for the light touch (dorsal column) pathway rather than the anterolateral spinothalamic tract. 7, 9, 11 Improved sensitivity of quantitative sensory testing will aid more accurate diagnosis of spinal cord-lesioned individuals, allowing more appropriately targeted rehabilitation and better management of these patients. Additionally, with the commencement of translational clinical trials for the repair of SCI, advancement of quantitative sensory testing 3 is now necessary to detect the possibly limited changes likely to result from initial efforts. 2 Semmes-Weinstein monofilaments (SWM) are a well-established test of mechanical cutaneous sensibility that have been widely used in the assessment of peripheral neuropathy but, in respect of SCI, have mainly been employed to investigate neuropathic pain 12 rather than light touch. 13 It is particularly relevant at this time to evaluate the performance of SWM against EPT as the SWM have recently been proposed as test of cutaneous sensibility when evaluating hand function in SCI. 14 In terms of application, we have found previously that EPT is well tolerated by subjects, not time consuming to perform and requires apparatus of relatively modest cost. 6, 7 The present study allows us to confirm these attributes also apply to the use of SWM. No adverse effects on subjects for either procedure have been reported in the literature. This paper sets out to examine the sensitivity and compare the reliability of these two tests of cutaneous sensibility in healthy individuals. Such evaluation is necessary ahead of further applications in SCI to establish their respective reliability for dermatomes in the absence of any impact likely caused by SCI.
MATERIALS AND METHODS
The study was approved by Imperial College Research Ethics Committee. All volunteers were given a written information sheet and a verbal explanation of the procedure before signing a consent form.
Subjects
Perceptual thresholds to cutaneous electrical stimulation and mechanical sensitivity to monofilaments (Semmes-Weinstein) were measured in 40 healthy subjects with no known neurological deficits (20 male subjects, aged 23-68 years, median age 35; 20 female subjects, aged 21-61 years, median age 29).
Study design
A prospective test-retest study to measure reliability of EPT and SWM over time and additionally aimed to assess the degree of correlation between the two procedures. Each subject was tested on two occasions by the same assessor. The same assessor was employed for all the tests. Experience of the EPT and SWM test procedures was gained by the assessor over a period of 1 week before the commencement of the study. Consistent, repeat measures were obtained by the assessor after approximately 2-3 days training. During the study, the two sets of tests were performed approximately 1-2 weeks apart with a median interval of 8 days. Subjects were required to lie supine on a clinical examination couch in a quiet, warm room. Clothing was adjusted, as required, to gain access to dermatomes C4, T1, T8 or L4 that were selected for analysis. Two of these dermatomes were selected as they have, respectively, the lowest (T1) and highest (L4) EPT values. 6 As these dermatomes are on limbs, we also selected dermatomes on the shoulder (C4) and abdomen (T8) to have a fairly broad representation of dermatomes over the body.
Outcome measures
The technique used to determine EPT was that previously described by King et al., 7 using a computer-controlled stimulator. Electrical stimulation was delivered using a constant current electrical stimulator Digitimer DS5 (Digitimer, Welwyn Garden City, UK) controlled using a data acquisition card (USB-6211, National Instruments, Austin, TX, USA) connected to a laptop PC running an in-house programme. Square wave (monophasic) current pulses (width of 0.5 ms) were delivered at a repetition rate of 3 Hz. The maximum current allowable was preset at 10 mA, a level approximately three times greater than the highest thresholds found previously in healthy individuals. 6 Stimuli were applied between an adhesive cathode electrode (Arbo Neonatal ECG Blue, 22 mm diameter conducting surface contact) placed over the key ASIA sensory point of a dermatome as delimited in the International Standards of Neurological Classification of Spinal Cord Injury (ISNCSCI) 1 and a metal anodal electrode (4 Â 2.5 cm) located on the forearm approximately 10-15 cm proximal to the wrist. Above threshold stimulation was described as a light, tapping sensation at the location of the cathode. Using the method of limits, the subjects were asked to report immediately when they could first feel stimulation as the intensity was raised from 0 mA and then again when sensation disappeared as intensity was lowered. The rates of ascent and descent were set at 0.1 mA per step increments after every third stimulus. Reported occurrence and disappearance of sensation by the subject were logged by operator key strokes. The computer software continued to increase stimulator output by three increments of 0.1 mA before reversing the change in intensity. The procedure was repeated three times and the EPT (mA) was calculated as the mean of the intensities logged as sensation just disappeared on lowering the stimulus strength.
Sensory evaluation using the SWM was carried out using a graded set of 20 monofilaments (Touch Test Sensory Evaluators, Stoetling Co., Wood Dale, IL, USA). The assessor started each test on any dermatome with a stiffness of filament regarded as indicative of the upper end of the range for normal skin sensitivity for the hand or dorsum of the foot (filament 2.83). The filament was applied on five separate occasions at random intervals of time with the subject's eyes closed. Filaments were applied vertically to the surface of the skin and force applied until the filament just started to bend. The application was continued for approximately 1 s. The assessor noted the number of times the subject reported sensation to each application. Depending upon the result, that is, whether the subject could or could not detect the stimulus, filaments of lesser or greater stiffness were then applied. The weakest filament that gave a response rate of at least three out of five applications was accepted as threshold. The threshold was recorded as the log 10 (10 Â force in mg) exerted by that monofilament, as listed by the manufacturer.
The order in which the EPT and SWM tests were conducted was randomised for both the initial and repeat assessments.
Analysis and statistics
Data were analysed using Sigmaplot and Sigmastat (Systat Software Inc., Chicago, IL, USA). SWM and EPT measures from repeated assessment by the same rater for each of the levels were analysed individually using two-way repeated measures of analysis of variance (ANOVA) with the within-subject effects of assessment (first, second) and dermatome (C4, T1, T8 and L4). When the ANOVA revealed an interaction between assessment and dermatome, post hoc multiple pairwise comparisons were made with the Bonferroni t-test. The SWM and EPT data were also analysed individually for rater reliability by calculating the two-way random effect model ANOVA intra-class correlation coefficient (ICC) for single measure reliability. The 95% limits of agreement were calculated and plotted according to the method described by Bland and Altman. Pearson's product moment correlation (r) was calculated to compare SWM and EPT values. Significance was set at Po0.05 for all statistical analyses.
RESULTS

Electrical perceptual threshold
The repeated measure ANOVA for all subjects revealed no significant difference in the mean values of EPT between the two assessments for any dermatome. However, the difference in the mean values among the different levels of dermatome was greater than would be expected by chance (F 3,639 ¼ 106.9, P ¼ o0.001). Distributions of EPT measures for the two separate assessments are shown in Figure 1 and outcomes of post hoc all pairwise multiple comparisons are presented in Table 1 . Significant differences in EPT were revealed between all but the C4 and T1 dermatomes.
Semmes-Weinstein monofilaments
The repeated measure ANOVA for all subjects revealed no significant difference in the mean values of SWM between the two assessments for any dermatome. However, the difference in the mean values among the different levels of dermatome was greater than would be expected by chance (F 3,639 ¼ 66.3, P ¼ o0.001) after allowing for effects of differences in assessment. Distributions of SWM measures for the two separate assessments are shown in the Figure 1 and outcomes of post hoc all pairwise multiple comparisons are presented in Table 1 . Significant differences in SWM thresholds were revealed between some dermatomes but not between T1 and T8 (either assessment) or between C4 and L4 (second assessment).
Test-retest reliability of SWM and EPT
The ICC comparing the two assessments (all subjects) for each dermatome for the SWM and for the EPT are presented in Table 2 . ICC ranged from 0.46 to 0.61 for the SWM and from 0.67 to 0.81 for the EPT. Lower ICC for the SWM compared with the EPT was again revealed when male and female subjects were assessed separately. Mean ICC for the four dermatomes for males were SWM 0.57 (range 0.37-0.7) and EPT 0.72 (range 0.58-0.81), and for females were SWM 0.54 (range 0.24-0.66) and EPT 0.67 (range 0.47-0.8).
The limits of agreement between first and repeat assessments for EPT and SWM are presented as Bland-Altman plots in Figure 2 . There are only minor differences in the 95% limits between the different dermatomes for both the methods. There was no relationship between the size of the difference between assessments and the mean magnitude of a measure for any dermatome for either method.
Correlation between SWM and EPT It has been shown previously that females have marginally lower EPT values than males for some dermatomes. 4 Gender difference was re-examined here before looking for any correlation between EPT and SWM thresholds. Figure 3 shows the mean values for EPT and SWM for male and female subjects. Females had significantly lower mean EPT than males for dermatomes C4, T1 and L4, whereas they had higher mean thresholds for SWM for dermatomes T1 and L4. As a result of identifying these gender differences, correlations between SWM and EPT were sought separately for male and female subjects. Pearson product moment correlation coefficients were insignificant for all but the L4 dermatome, which showed a weak positive correlation between the two measures for male subjects (r ¼ 0.39, P ¼ 0.01). Figure 4 shows regression plots for the L4 dermatome. Comparison of tests of cutaneous sensibility PH Ellaway and M Catley
DISCUSSION
The main aim of this study was to compare the reliability of the EPT and SWM tests of cutaneous sensibility in a neurologically healthy population. This was undertaken as both are quantitative measures that have the potential to add sensitivity to the AIS sensory evaluation of a SCI. Four dermatomes (C4, T1, T8, L4) widely distributed along the vertebral axis were tested. Results from the ICC analysis showed the EPT to have moderately good repeatability (ICC 0.67-0.81) compared to only a fair level of repeatability (ICC 0.46-0.61) for the SWM for these dermatomes. However, as the variability in ICC values indicates repeatability for EPT and SWM as measured by the ICC may be different for other dermatomes. A higher ICC for the EPT compared to the SWM was also seen when male and female subjects were assessed separately. The ICC results for EPT are broadly in agreement with previous estimates of reliability carried out for clinically normal dermatomes well above the level of SCI (King et al. 7 ) and higher ICC (0.75-0.90) results for EPT have been found for a neurologically healthy group by Leong et al. 8 For SWM, intrarater reliability in healthy individuals has been reported as wide ranging, from poor to good. [15] [16] [17] Substantial reliability for SWM has been reported in SCI 15 and exceptionally good reliability recorded for a very wide range of sensibilities in subjects that included both Braille readers and nerve injury. 18 Reliability for EPT in SCI 7 was broadly similar to that found in the present study on healthy individuals. However, in that study, the range of EPT was similar for dermatomes affected and unaffected by SCI probably due to the study having been based mainly on well-recovered ASIA D subjects with little difference in range of EPT above and below the level of injury. Where the range of sensibilities in a study is greater, it is possible, as with SWM, 18 that ICC will indicate better reliability for EPT. As another index of reliability, there was no evident relationship between the difference in repeated measures and the magnitude of the mean measure for either EPT or SWM. However, averaging and subtracting the SWM values for the Bland-Altman plots is an inexact process due to the logarithmic rating of the monofilaments. BlandAltman plots of the actual forces exerted by SWM showed very large increases in difference between measures as the magnitude of the force increased.
It had been anticipated that the thresholds for cutaneous sensibility measured by the EPT and SWM would be correlated. Apart from a weak correlation for one dermatome, this was not the case. The reason for this is not clear. One possibility is that the two measures test different sensory modalities. The weak electrical currents that determine EPT would have stimulated the largest myelinated axons that innervate rapidly adapting receptors 19 and those tend to have the lowest mechanical thresholds. 20 The SWM test requires persistent pressure until the monofilament bends, so such stimulation may be exciting slowly adapting receptors that give a maintained discharge to pressure. These have smaller diameter axons with higher electrical thresholds. An alternative reason for the lack of correlation may be that this study examined a healthy population with a relatively narrow range of cutaneous sensitivity. Extending this study to SCI subjects with impaired, and thus a wider range of cutaneous sensibility might be expected to reveal a significant correlation between EPT and SWM. This is not certain; however, as the level of agreement in SCI between SWM and light touch as measured by the AIS is itself not substantial. 14 In conclusion, this study reveals EPT to have better reliability than the SWM test, but indicates that the two tests may be assessing different modalities of cutaneous sensibility. Thus, the improvement in sensitivity required for the quantitative assessment of the sensory status of an individual with SCI ahead of recuperative trials might benefit from the application of both tests. As a next step, this study suggests that the reliability of both EPT and SWM should be assessed together in a stable SCI population with a wide range of level and severity of SCI.
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